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Abstract 
 
The development of electrodes on polymeric substrates for organic electronics requires deposition at low 
temperatures, with a limited or no thermal treatment; a process which results in high resistivity materials. To achieve 
low resistivity films, we tested tri-layer anodes in organic solar cells. A significant improvement of the sheet 
resistance was obtained without compromising the optical properties. The sheet resistance depends on the gold layer 
thickness that must be ~20 nm because of Au absorption. The use of an ITO (30 nm)/Au (20 nm)/ITO (30 nm) anode 
in CuPc/C60-based photovoltaic cells yielded a clear enhancement of the fill factor leading to an improvement of 
efficiency. 
 
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of S. E. Shaheen, D. 
C. Olson, G. Dennler, A. J. Mozer, and J. M. Kroon. 
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1. Introduction 
Many optoelectronic applications require the use of transparent conducting oxide (TCO) layers, 
particularly in photovoltaics. Indium tin oxide (ITO) is one of the most used TCOs because of its low 
resistivity (10-3 Ω.cm - 10-4 Ω.cm depending on the deposition method used) and its high transparency in 
the visible spectrum (from 80% to 90% between 400 nm and 800 nm). Various techniques are used to 
deposit ITO layers, such as spray pyrolysis [1,2], chemical vapour deposition (CVD) [3,4], pulsed-laser 
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deposition (PLD) [5,6] and reactive magnetron sputtering [7,8]. The use of flexible plastic substrates 
requires low-temperature deposition methods. Thus, we developed ion beam sputtering (IBS) [9] that was 
found to be compatible with flexible substrates because annealing at high temperatures is not required. 
Recently [10], we demonstrated that a good compromise between conductivity and transmission could be 
achieved with thin layers of ITO in a new ITO/metal/ITO tri-layer anode fabricated by IBS. This anode 
has been successfully tested in organic photovoltaic cells (OPVs). With an optimized transmittance of the 
anode within the absorption range of the active layer, the external power conversion efficiency of OPVs 
was greatly improved. 
In this study, we present the physical properties of ITO/Au/ITO tri-layer anodes and the photovoltaic 
characteristics of organic solar cells fabricated using such anodes. The performance of devices with 
different ITO and Au layer thickness was investigated and compared to CuPc-C60-based solar cells with 
an ITO/Ag/ITO tri-layer anode [10]. 
2.  Experimental 
Thin ITO layers were obtained by IBS using a target made up of a mixture of two oxides, In2O3 and 
SnO2 (90 and 10 weight% respectively). The targets were bombarded by argon ions accelerated at 6 keV 
with a current density of about 1mA/cm² [9] at a pressure of 5.10-6 mbar. In these conditions, the 
deposition rate is 1 nm/min. The deposition of thin Au films (99.99% purity) was performed by vacuum 
evaporation at 10-6 mbar. The Au films were deposited on the ITO layer without heating the substrate 
during the film growth and with a deposition rate of 0.6 nm/s. The thicknesses of Au and ITO layers were 
controlled by a quartz crystal monitor.  
The various layers were characterized by electrical conductivity (or sheet resistance with an 
experimental error of 1 Ω/□) using the four-point-probe method, and by optical transmittance in the 
visible using a SAFAS200 spectrophotometer. Active layers of CuPc-C60-based solar cells were prepared 
according to the following method: a 30 nm-thick layer of poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT-PSS Baytron PH from H.C. Starck) was deposited by spin coating on the 
anode-coated glass substrates, acting as a hole transport layer and as a barrier layer to prevent oxygen 
diffusion from ITO into the active layer [11,12]. Copper phthalocyanine (CuPc) molecules were 
purchased from Aldrich and fullerene C60 from MER Corp.(USA). Bathocuproine (BCP) (Aldrich) was 
used as an exciton blocking layer (2.5 nm) [13] prior to deposition of the aluminum cathode. These 
products were deposited without further purification. 
The consecutive vacuum sublimation of CuPc and C60 molecules was performed using an evaporator 
station built in house [14]. The temperature of three cells dedicated to the sublimation of organic 
molecules were monitored by a Eurotherm 2700 process regulator that allowed a minimum growth rate of 
0.5 Ås-1, according to the quartz monitor sensitivity. Vacuum sublimation was operated at a pressure of 
10-6 mbar, and for all the experiments of this study, the growth rates were kept at 0.08 and 0.1 nm/s for 
CuPc and C60 respectively. The aluminum top electrode contact was deposited through a shadow mask. 
The resulting diode area was 0.25 cm². 
3. Results and discussion 
3.1.  Electrical and optical properties of ITO/Au/ITO electrodes 
Recently, various efforts [15-17] have been reported on tri-layered anodes in optoelectronic devices. 
These multilayer systems have the advantage of fine-tuning the electrical and optical properties to 
fabricate the appropriate electrode for a given application by modifying the thickness of the different 
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layers to favor anti-reflection and to adjust the plasmonic resonance of the metallic layer to the absorption 
spectrum of a given solar cell active layer.  
3.1.1. Optimization of the Au layer thickness 
 
Several authors [18,19] have already studied the gold layer effect between two ITO layers. In this 
work, we varied the thickness of the Au layer between 5 nm and 25 nm while keeping the ITO thickness 
constant at 50 nm (Fig.1). In Fig.1b, we can observe that the sheet resistance decreases significantly (from 
460 Ω/□ at Au = 5 nm to 11 Ω/□ at Au = 25 nm), while transmittance (at 625 nm) increases linearly with 
the Au thickness (from 61% at Au = 5 nm to 74% at Au = 20 nm), then it starts to decrease beyond       
Au = 20 nm. Therefore, the optimum compromise is obtained for the ITO(50 nm)/Au(20 nm)/ITO(50 nm) 
structure with a sheet resistance of 27 Ω/□ and a transmittance higher than 70% on average (Fig.1a) in the 
500-750 nm range. 
 
 
Fig.1. (a) Optical transmittance versus wavelength for various Au layer thickness values; (b) Sheet resistance and transmittance (at 
625 nm) versus Au thickness for an ITO(50 nm)/Au/ITO(50 nm) anode. 
Optimization of the ITO layer thickness 
 
For this study, we used an Au thickness value of 20 nm and varied the thickness of ITO between 20 
and 50 nm (Fig.2). Fig. 2b shows the evolution of the sheet resistance and of the transmittance (at        
625 nm) versus ITO thickness. It appears, on the one hand, that the sheet resistance increases 
proportionally with the thickness of ITO (from 16 Ω/□ for 20 nm to 27 Ω/□ for 50 nm of ITO) and, on the 
other hand, the optical transmittance reaches a maximum value (about 76% at λ = 625 nm) for 30 nm of 
ITO. For this ITO thickness, the transmittance (Fig. 2a) in the 500-750 nm range remains higher than 
70%. 
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Fig.2. (a) Optical transmittance versus wavelength for various ITO layer thickness values; (b) Sheet resistance and transmittance (at 
625 nm) versus ITO thickness for an ITO/Au(20 nm)/ITO anode. 
 
3.2. Characterization of CuPc/C60 - based organic solar cells 
The anode quality in a photovoltaic device has a double functionality: it must be transparent in order to 
let light pass through it, and conductive to collect the positive charges. As it was previously observed, the 
coupling of IBS technology with a new architecture of the tri-layer electrode enabled us to obtain an 
excellent conductivity/transmission compromise. To estimate it, G. Haake [20] proposed to quantify the 
OTCs using a “figure of merit” which is expressed as фTC = σ.t.exp(-10α) where σ is the conductivity , t is 
the anode thickness, and α is the absorption coefficient. We have also defined another factor that takes 
into account the absorption band (ab) of the organic materials used in organic photovoltaic cells            
(ab  [575, 750 nm] for the CuPc/C60 (see Fig.4)). It can be expressed as follows: 
Φ
ab
= IPCE(λ ) × Tr(λ )∂λ
ab
∫  , 
where the IPCE (Incident-Photon-to-electron Conversion Efficiency) is the generated electrons/incident 
photons ratio and Tr is the optical transmission in the specific wavelength region. To improve the 
photovoltaic parameters, Φab must be maximized, because it reflects the adequacy between the anode 
transmission spectrum and the cell absorption spectrum (Φab is indicative of the number of absorbed 
photons per time unit by the active layer).  
The фTC and Φab (575-750 nm) values are shown in Table 1. The best results are achieved using the 
ITO(30 nm)/Au(20 nm)/ITO(30 nm) anode, where the фTC and Φab factors are optimal (фTC  3.2 10-3Ω-1 
and Φab = 387). These two factors are in perfect agreement for a fixed Au thickness; nevertheless, we can 
notice slight differences when Au thickness varies. For example, фTC reaches a maximum at Au = 25 nm), 
whereas Φab reaches a maximum at Au = 20 nm. This indicates that the plasmon resonance frequency [21] 
plays an important part in defining the transparency range towards infrared; thus, ITO/Au/ITO structures 
show a strong absorption in the visible, which is linked to plasmon resonances in Au grains. 
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Table 1. Optical transmittance, sheet resistance, фTC and Φba factors for various ITO/Au/ITO anodes. 
 
ITO(X nm)/Au(X nm)/ITO(X nm) 
anodes 
Tr(%) 
at 625 nm 
Rsheet 
(Ω/sq.) 
фTC 
(10-3Ω-1) 
Φba 
[CuPc/C60] 
ITO(50 nm)/Au(5 nm)/ITO(50 nm) 61 460 0.015 314 
 ITO(50 nm)/Au(10 nm)/ITO(50 nm) 65 122 0.110 320 
ITO(50 nm)/Au(15 nm)/ITO(50 nm) 71 90 0.362 364 
ITO(50 nm)/Au(20 nm)/ITO(50 nm) 74 27 1.824 377 
ITO(50 nm)/Au(25 nm)/ITO(50 nm) 68 11 1.922 349 
ITO(20 nm)/Au(20 nm)/ITO(20 nm) 67 15 1.139 337 
ITO(30 nm)/Au(20 nm)/ITO(30 nm) 76 20 3.214 387 
ITO(40 nm)/Au(20 nm)/ITO(40 nm) 71 25 1.302 358 
ITO(50 nm)/Au(20 nm)/ITO(50 nm) 74 27 1.824 377 
 
 
In order to assess the optical and electrical parameters of the tri-layer anodes, we have prepared a 
CuPc-C60-based photovoltaic cell (Fig.3a) with an ITO(30 nm)/Au(20 nm)/ITO(30 nm) anode. The 
thicknesses of the different organic layers were optimized during a previous study [22]. For this device, 
we have plotted the J(V) data (Fig.3.b) under illumination (AM1.5, 95 mW/cm²); the photovoltaic 
parameters are as follows: fill factor (FF) of 0.59, power conversion efficiency (ηe) of 0.96 %, open 
circuit voltage (VOC) of 0.46 V, short circuit current (JSC) of 3.38 mA/cm², series resistance (RS) of 61 Ω 
and shunt resistance  (RSh) of 7142 Ω (see Table 3). 
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Fig.3. (a) Schematic structure of organic solar cells; (b) J(V) characteristics under AM1.5 (95 mW/cm²) illumination of 
ITO/metal/ITO anode-based OPVs.  
 
Finally, we compare the performance of the ITO(30 nm)/Au(20 nm)/ITO(30 nm) electrode with two 
ITO/Ag/ITO electrodes which were tested and optimized during a previous study [10]. Table 2 shows the 
electrical and optical performance of three tri-layer electrodes: ITO(60 nm)/Ag(8 nm)/ITO(60 nm) and 
ITO(60 nm)/Ag( 14 nm)/ITO(60 nm) anodes have фTC and Φab factors respectively of the same magnitude 
(a) (b) 
J (m
A
/cm
²) 
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and very different from the ITO(30 nm)/Au(20 nm)/ITO(30 nm) anode.  In order to evaluate the different 
electrodes, we have fabricated CuPc/C60 hetero-junctions as shown in Fig. 3a.  The photovoltaic 
parameters deduced from the 3 curves are given in Table 3. 
 
 
Table 2. Optical transmittance, sheet resistance, фTC and Φba factors for three optimized ITO/metal/ITO anodes. 
 
Anodes 
Tr (%) 
at 625 nm 
Rsheet 
(Ω/sq.) 
фTC 
(10-3Ω-1) 
Φba 
[CuPc/C60] Ref. 
ITO(30 nm)/Au(20 nm)/ITO(30 nm) 76 20 3.214 387 This study 
ITO(60 nm)/Ag(8 nm)/)ITO(60 nm) 79 20 4.734 373 [10] 
ITO(60 nm)/Ag(14 nm)/ITO(60 nm) 76 4 16.07 309 [10] 
 
 
Table 3. Comparison of photovoltaic parameters for organic solar cells incorporating three optimized anodes. 
 
 
 
In Fig. 4, we have represented J(V) characteristics under AM1.5 illumination. 
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Fig. 4. IPCE spectrum of the CuPc/C60 heterojunction and optical transmittance of ITO(30 nm)/Au(20 nm)/ITO(30 nm), ITO(60 
nm)/Ag(8 nm)/ITO(60 nm), and ITO(60 nm)/Ag(14 nm)/ITO(60 nm) anodes. 
 
Anodes 
ηe 
(%) FF Voc (V) Rs(Ω) Rsh(Ω) Jsc(mA/cm²) Ref. 
ITO(30 nm)/Au(20 nm)/ITO(30 nm) 0.96 0.59 0.46 61.0 7142 3.38 This study 
ITO(60 nm)/Ag(8 nm)/ITO(60 nm) 0.53 0.40 0.45 326 2711 2.78 [10] 
ITO(60 nm)/Ag(14 nm)/ITO(60 nm) 0.48 0.52 0.45 328 4452 1.96 [10] 
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This comparative study shows a clear improvement of FF (0.59) and ηe (1%) of the solar cell with an 
ITO/Au/ITO tri-layer anode compared to cells incorporating ITO/Ag/ITO tri-layer anodes. The 
ITO/Au/ITO-based cell shows a higher shunt resistance (7142 Ω) and a very good series resistance (61 
Ω). On the contrary, if the efficiencies for the ITO/Ag/ITO-based cells are comparable (0.5%), the fill 
factor with an Ag thickness of 14nm is higher; this FF difference is due to the high shunt resistance (4452 
Ω) of the device. Another possible explanation of the high efficiency with the ITO/Au/ITO anode can be 
linked to a better correlation between the IPCE spectrum of CuPc/C60 heterojunction and the maximum 
transmission window of the ITO/Au/ITO anode (Fig.4) where the photon contribution generates more 
photocurrent in the 575-750nm range. This is in perfect agreement with the calculation of the Φab factor, 
which is highest for an optimal efficiency. In addition, the ITO/Au/ITO-based cell shows a short circuit 
current (3.38 mA/cm²) higher than that of the ITO/Ag/ITO-based cells (2.78 and 1.96 mA/cm²). 
4. Conclusions 
The ITO/Au/ITO tri-layer anode shows a significant improvement of the sheet resistance compared to 
that of the ITO anode [9] obtained by the IBS deposition process without a detrimental loss in 
transmittance. The sheet resistance depends on the Au layer thickness, which has to be kept ≤20 nm 
because of Au absorption. This multilayer system has the advantage of fine-tuning the electrical and 
optical properties to fabricate the appropriate electrode for a given application by modifying the thickness 
of the different layers. The purpose of such a study is to favor anti-reflection and to adjust the plasmonic 
resonance of the metallic layer to the absorption spectrum of a given solar cell’s active layer. Moreover, 
the maximum transmission can be fine-tuned to match the action spectra of organic photovoltaic cells. 
The use of an ITO(30 nm)/Au(20 nm)/ITO(30 nm) tri-layered anode in a CuPc/C60-based organic solar cell 
yields a clear enhancement of the fill factor, and consequently of the external power conversion 
efficiency. 
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